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A bstract
In this thesis, orthogonal frequency division multiple access (OFDMA) system is considered. 
Assuming perfect knowledge of instantaneous channel conditions for all users, we propose re­
source allocation algorithms to minimize the total transmission power subject to the constraints 
of the requirements of each user’s data rate and bit error rate (BER) which is referred to as 
margin adaptive (MA) problem, or to maximize the overall spectral efficiency while simul­
taneously satisfying the requirements of each user’s data  rate, BER and base station (BS)’s 
transmission power constraint which is referred to as rate adaptive (RA) problem. By convert­
ing the above problems into linear integer programming problems, a branch-and-bound method 
based optimal algorithm and a fast suboptimal algorithm are proposed. The proposed branch- 
and-bound method based optimal algorithm offers the same optimal performance as full-search 
algorithm with remarkably reduced computational complexity. The proposed suboptimal algo­
rithm, which is based on the formulation with constraints considered and greedy approach, can 
be used to solve both MA and RA optimization problems by satisfying the constraints one by 
one without any bit loading or transmission power distribution assumptions. Compared with 
other suboptimal methods, the performance of this suboptimal algorithm  is close to the optimal 
one with even lower computational complexity.
Index Terms-adaptive modulation, frequency selective fading channel, multi-access com­
munication, multiuser channel, channel capacity, orthogonal frequency division multiple access 
(OFDMA), power control, resource management.
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Chapter 1
Introduction
W ith the rapid development of wireless communication systems in recent years, the need for 
high-speed data  transmission has increased. One of the major problems in wideband high­
speed data transmission in wireless communication systems is intersymbol interference (ISI) 
which comes from m ultipath propagation. There are many methods proposed to combat ISI, 
among which orthogonal frequency division multiplexing (OFDM) is a promising solution.
OFDM is not a new technique. It was first proposed and implemented in the 1960’s, but it 
was not widely used until its all-digital implementation using the fast Fourier transform (FFT) 
was proposed. After that, its attractive features were unraveled and there arised widespread 
interests for adoption in various single-user and multiple access communication standards [1]. 
The basic idea of OFDM is to divide the transm itted bit stream  into different substreams and 
send them simultaneously over different orthogonal subchannels centered at different subcarrier 
frequencies. The number of the substreams is chosen to make the symbol duration on each 
substream much greater than the delay spread of the channel, or equivalently, to make the 
bandwidth of each subchannel less than  the coherence bandwidth of the channel [2]. Therefore, 
each subchannel undergoes frequency flat fading and ISI is eliminated. Today, OFDM is a 
major candidate for the fourth generation (4G) wireless applications with significant potential 
performance enhancements over existing wireless technologies.
Orthogonal frequency division multiple access (OFDMA) is a promising multi-access tech­
nique for high-speed data transmissions over wireless channels. In OFDMA system, the sub­
channels that appear to be in deep fades for one user may not be in deep fades for others.
7
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Therefore spectral efficiency can be improved, or equivalently, transmission power can be re­
duced by dynamically allocating subchannels among the users. For OFDMA systems, in order 
to efficiently utilize radio resources, users’ data need to be divided and distributed among sub­
channels in an optimal manner. Channel bandwidth and transmission power constitute two 
primary ‘resources,’ the efficient utilization of which provides the motivation for the search for 
radio resource allocation schemes [3].
One primary objective of the radio resource allocation schemes is to minimize the overall 
transmission power required to achieve users’ quality of service (QoS) requirements; the other 
objective is to maximize users’ overall data throughput at a given transmission power level, 
while at the same time satisfying each user’s QoS requirements. The QoS requirements here 
refer to two aspects: one is the bit error rate (BER) performance and the other is da ta  rate 
requirement. In other words, we want to minimize the total transmission power or to maximize 
the overall spectral efficiency while simultaneously satisfying the requirements on each user’s 
data rate, BER and transm itter’s transmission power constraint.
In many papers, it has been shown that adaptive modulation can achieve significant perfor­
mance improvement in OFDM systems with the knowledge of instantaneous channel informa­
tion. In OFDM systems with adaptive modulation, the subchannels with large channel gains 
carry more bits, while the subchannels in deep fades carry less or even zero bits. However, 
in OFDMA systems, users are distributed over different orthogonal subchannels. This is the 
so-called multiuser diversity technique. As different subchannels may experience different fades 
for different users, the transmission power levels or numbers of bits allocated to different sub­
channels for different users must be changed accordingly to achieve the overall optimal result. 
The problem of radio resource allocation has been studied in many recent papers. A dynamic 
Lagrangian-based power allocation scheme and an IP method based subchannel and bit alloca­
tion scheme are proposed in [4] and [5] respectively. Although both schemes can achieve very 
good performance, they are prohibitively complex and not suitable for real time applications. 
In [6], a real time subchannel allocation scheme is proposed to minimize the overall transm is­
sion power, where each subchannel is loaded with an equal number of bits. And in [7], another 
scheme is proposed to maximize the overall data throughput with the assumption tha t power is 
uniformly distributed on each subchannel. Both [6] and [7] get acceptable performance and low
8
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computational complexity; however, they are suboptimal under certain assumptions and their 
results are far from optimal ones. Furthermore, all the schemes mentioned above are applicable 
only to one of the two aspects of the radio resource allocation problem, i.e., to minimize the 
overall transmission power with the constraint of users’ QoS requirements which is referred to 
as the margin adaptive (MA) problem, or to maximize the spectral efficiency subject to users’ 
QoS requirements and the to tal transmission power constraints which is referred to as the rate 
adaptive (RA) problem [8]. None of the above mentioned schemes can be applied to both 
aspects of the radio resource allocation problem.
In this thesis, we consider an optimal resource allocation scheme based on branch-and-bound 
method [9] and a suboptim al fast bits feeding algorithm which can be used to solve both MA and 
RA problems. The above problems are first formulated as linear optimization problems with 
integer variables. The solutions to these problems are the optimal resource allocation schemes 
which reflect the corresponding relationship between users and subchannels. The subchannels 
are adaptively distributed among users in a frame of symbol duration and the users’ modulation 
levels are adaptively selected in order to maintain a target QoS and power constraint. Once 
the resource allocation information is determined, the allocation information will be sent to 
users via a designated control channel so that they can extract their own data  correspondingly. 
The channel characteristics of all the transmitter-to-receiver links can be estimated by the base 
station transm itter. In a practical system, there will always exist some estimation error and 
estimation delay. In this thesis, to simplify our discussion, we assume th a t the base station 
transm itter has perfect knowledge of instantaneous channel characteristics of all links. It is 
also assumed th a t the channels vary very slowly and the assignment is done once every several 
frames of symbol duration.
The rest of this thesis is organized as follows. Chapter 2 provides the overview of the 
wireless communication systems. M ultipath propagation and the formulation of ISI are also 
explained in this chapter. Chapter 3 explains some fundamentals of OFDM and OFDMA. 
In Chapter 4, a constraint considered linearized formulation of the radio resource allocation 
problems is discussed first. Then, the full-search algorithm which is a basic optimal method 
is discussed with the constraint considered formulation. A branch-and-bound method based 
resource allocation algorithm is also proposed, which offers the same performance as the optimal
9
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one achieved by using exhaustive full-search algorithm with significantly reduced computational 
complexity. Finally, based on the constraints considered formulation, an efficient suboptimal 
algorithm is proposed which utilizes constant transmission power m atrix and does not need 
any bit loading or transmission power distribution assumptions which are the basis of previous 
suboptimal algorithms. Simulation results are shown in this chapter as well to compare the 
performance and complexity of the proposed algorithms relative to some existing algorithms. 
Finally, conclusions and recommendations for future studies are given in Chapter 5.
10
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Chapter 2
Fundam entals o f W ireless 
Com m unication System s
Wireless communication systems transm it video, images, text and data, not only analog signals 
but also digital signals which are obtained directly from data signals or by digitizing ana­
log signals. The demand for wireless communication systems has been growing rapidly since 
Guglielmo Marconi first demonstrated radio’s ability to provide continuous contact with ships 
sailing the English channel in 1897, two years after he invented radio transmission [10]. Wire­
less communications is one of the fastest growing fields in the engineering world. As one of 
the most active areas of present technology development, wireless communications is enjoying 
a fast growth period.
Although wireless communications can be retrospected to pre-industry age by using smoke 
signals, torch signaling and such other methods, the modern wireless communications was 
invented in 1895 when Marconi demonstrated the first radio transmission from the Isle of Wight 
to a tugboat 18 miles away a few decades after the telephone was invented [2]. In 1915 wireless 
voice transmission between New York and San Francisco was first established when radio and 
telephony were converged. In 1946 public mobile telephone service was introduced in 25 cities 
across the United States [2]. Growth in the mobile communications field first came slowly 
because these initial systems used a central transm itter to cover an entire m etropolitan area. 
The solution to this capacity problem was not even conceived until AT&T Bell Laboratories
11
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developed the cellular concept in the 1960’s and 1970’s [11]. The wireless communications era 
was born with the invention and development of highly reliable, m iniature, solid-state radio 
frequency hardware in the 1970’s [10].
Wireless communications today covers a very wide array of applications. Cellular telephony 
is developed very rapidly at present time. Among other technologies are wireless piconetwork- 
ing (as exemplified by the Bluetooth radio-on-a-chip) and other personal area network (PAN) 
systems (e.g., the IEEE 802.15 family of standards), wireless local area network (LAN) systems 
(exemplified by the IEEE 802.11 and HiperLAN families of standards, called WiFi systems), 
wireless m etropolitan area network (MAN) systems (exemplified by the IEEE 802.16 family of 
standards, called WiMax systems), other wireless local loop (WLL) systems, and a variety of 
satellite systems.
These wireless technologies provide a basis for a very rich array of applications. They are 
supported by a number of transmission and channel-assignment techniques, including frequency- 
division multiple access (FDMA), time-division multiple access (TDMA), code-division multiple 
access (CDMA), OFDM and OFDMA.
2.1 M odel o f A  D ig ita l W ireless C om m unication  System
Consider a discrete time wireless channel with noise. The simplified digital wireless communi­
cation system model, which sends an input message from a transm itter via wireless channel to 
a receiver, is illustrated in Figure 2-1.
The message may be a human voice, a television picture or data. If the message is nonelec­
trical or analog, it must be converted into a digital signal. The destination is the unit to which 
the message is communicated.
The source encoder maps the digital signal from the information source into another digital 
signal. This mapping is unique, and the objective is to eliminate or reduce redundancy so as to 
provide an efficient representation of the output of the information source. Since this mapping 
is pre-known by the source decoder, the decoder simply performs the inverse mapping and 
thereby delivers to the destination a reproduction of the original digital source output. The 
primary benefit of source coding is to reduce the required bandwidth.
12


























Figure 2-1: Block diagram of a simplified digital wireless communication system.
The channel encoder maps the incoming digital signal into an effective channel input. It 
introduces controlled redundancy to minimize the affect of the channel noise. However, this con­
trolled redundancy is known by both of channel encoder and channel decoder and the mapping 
is known by both sides as well. The combination of the encoder and decoder provides reliable 
communication over a wireless channel with noise. In some case, we may put source encoder 
and channel encoder together, and source decoder and channel decoder together respectively. 
Naturally, the source encoding always performs before channel encoding and source decoding 
always performs after channel decoding as shown in Figure 2-1.
The digital modulator provides efficient transmission for the signal over the wireless chan­
nel. It modulates the incoming digital signal onto a sinusoidal carrier wave with fixed frequency 
limits imposed by the wireless channel. The digital demodulator performs the inverse of mod­
ulation, resuming the incoming digital signal of the system.
Channels are classified into hardwire channel and softwire channel. Wireless channel here is 
softwire channel [12]. Normally wireless channel takes air or vacuum as transmission medium. 
Digital modulator, wireless channel and digital demodulator shown in Figure 2-1 consist a 
discrete wireless channel [3], the input and output signals of which are in discrete form.
13
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Practically, the electrical waveforms of the baseband message before and after the discrete 
wireless channel are quite different. For example, in Figure 2-1, the baseband message before 
the channel is x(t),  while after the discrete wireless channel, the received signal is y( t ) which is 
out of shape and far from the original information signal x(t).  y ( t ) is formulated as
y(t)  =  x(t)  <g> h(t) +  n b{t) (2.1)
In (2.1), h(t) is the wireless channel impulse response, rib(t) is the equivalent noise. The received 
signal y{t) is the convolution of the original information signal x{t) and the impulse response 
of the wireless channel h(t), superposed by equivalent noise rib(t).
Let T  represent the time interval between successive observations of signals. Letting t — tn 
where tn =  n T  with n being an integer, time waveforms may be equivalently expressed as a 
sequence on n in the discrete form. T hat is, (2.1) may be replaced by the following [13]:
y(n) — x(n)  0  h(n) + rib(n)
CO
— x(D)h(n  — D)  +  x(n)h(n — I) + nb(n)  (2-2)
ly £ D ,l — — O O
where D  is a proper delay. The first term  in (2.2) is produced by the properly delayed n th  trans­
m itted bit. This term  can be correctly decoded by decoder without any extra efforts. The third 
term is noise. The second term  represents the residual effect of all other transm itted bits on the 
decoding of the n th  bit. It is the so called ISI. ISI is caused by m ultipath propagation in ban- 
dlimited channels. It distorts the transm itted signal, causing bit dem odulation/detection errors 
at the receiver. It has been recognized as the major obstacle to high speed data transmission 
over wireless channels.
2.2 W ireless M ultipath  Channel
The performance of a wireless channel restricts the performance of a wireless communication 
system. Unlike wired channel which is stationary, wireless channel is extremely random because 
it varies due to surroundings. If there is no obstruction between transm itter and receiver in 
the transmission path, a line-of-sight electromagnetic wave reaches the receiver directly from
14




Figure 2-2: Diagram to illustrate m ultipath propagation in a wireless channel
the transm itter. Even so, the receiver may still receive two or even more versions of the same 
transm itted signal from the surroundings at slightly different times. These m ultipath waves 
combine at the receiver to give a resultant signal which is far from the original one and may 
vary wildly in amplitude and phase.
There are three basic propagation mechanisms impacting propagation in a wireless channel, 
which are reflection, diffraction and scattering. Reflection occurs when signal encounters a 
surface th a t is large relative to the wavelength of the signal. Diffraction occurs a t the edge of 
an impenetrable body th a t is large compared to wavelength of radio wave. Scattering occurs 
when incoming signal hits an object whose size is in the order of the wavelength of the signal 
or less.
Figure 2-2 is an example of m ultipath propagation. The transm itter is at the top of the 
tower, while the receiver is in the car. The receiver gets a line-of-sight electromagnetic wave since 
there is no obstruction in the transmission path. Meanwhile, it receives reflected signal from 
a building and scattered signal from a tree. If there is an obstruction between the transm itter
15
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and receiver in the transmission path, the receiver may receive diffracted signal instead of the 
line-of-sight signal. Due to multiple transmission paths, the electromagnetic waves travel along 
different paths of varying lengths and the receiver receives the same signal via different paths 
at different delay. These m ultipath waves interact at the receiver causing fluctuations in signal 
strength, thereby inducing signal distortion. The received signal power varies instead of fading 
gradually with time. This is the so called m ultipath propagation.
Different environments produce different delay profiles and delay profiles can be viewed as 
the impulse response of the channel [14]. Figure 2-3 shows one of the delay profiles for the hilly 
terrain environment per GSM standard [15] with 12 identifiable paths having delays from 0.1 
to 20 microseconds.
The m ultipath delay axis r  of the impulse response is discretized into equal time delay 
segments called excess delay bins. Each bin has a time delay w idth A t  equal to Tj+i — r*. To 
represents the first arriving signal at the receiver, which is set to be 0. For the convenience of 
discussion, T\ =  A t ,  t* =  iA t ,  for i — 0 to N  — 1, where N  is the to ta l number of possible 
excess delays. Any signals received within the ith  bin are represented by a single resolvable 
m ultipath component having delay r ; .  The number of the delay bins determines the time delay 
resolution of the channel model. The time resolution A t  determines the bandwidths of the 
transm itted signals which can be analyzed by the model. T hat is, the model may be used to 
analyze such transm itted signals whose bandwidths are less than  1 /2A t .  The time resolution 
of the above example in Figure 2-3 is 0.1/is. T hat means this model can be used to analyze 
transm itted signals having bandwidths less than  5M H z .
2.3 The Form ation of ISI
As electromagnetic waves reflect off hills, buildings, vehicles and other obstacles, they establish 
different transmission paths from transm itter to receiver. The received signal at the output 
of a wireless channel is a superposition of multiple signals arriving from different paths. It is 
distorted and dispersed, because the signal from each path  represents a version of the transm it­
ted signal with different delay and attenuation. The transm itted symbols within the m ultipath 
channel with these different time delays encounters time dispersion, resulting in ISI.
16



















) T ime Delay Resolu t ion =  0.1 p.s
E xcess  Delay ( p.s )
Figure 2-3: Hilly terrain delay profile for GSM (12 tap).
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Considering a channel response in time domain without noise, simplified examples in Figure 
2-4 show how time dispersion influences the received signal regardless of noise. Figure 2- 
4a) shows how symbols go through a channel with two time-delayed pulses. Figure 2-4b) 
demonstrates influence from a channel with two time-delayed pulses but the delays are longer 
than that in Figure 2-4a). Figure 2-4c) illustrates influence from a channel with three time- 
delayed pulses. In Figure 2-4 flat-top pulses shown in the top row are fed into the three channels 
shown in the second row respectively. The third row shows copies of the first pulse due to  the 
channel impulse response. The fourth row shows two pulses after the channel. The dashed circles 
indicate the ISI regions. The first pulse spreads into the second one causing it to  interfere with 
the neighboring pulse. The dashed curves in the bottom  row are the result of superposition of 
both pulses, while the rest are from each pulse individually.
Compared to the channel in Figure 2-4a), the channel in Figure 2-4b) has longer excess 
delay. As the excess delay prolongs, the interference region extends. The channel in Figure 
2-4c) has one more delay. As the number of channel delays increases, one more copy of delayed 
pulse falls into interference region, expanding the interference region with stronger disorder. It 
is easy to conclude from Figure 2-4 tha t longer excess delay extends the interference region and 
more channel m ultipath delays produce more copies of the same symbol with different delays 
and attenuation inducing stronger interference. ISI is related to both symbol duration and 
channel impulse response.
2.4 Frequency F lat and Frequency Selective Fading C hannels
In a wireless channel, a signal may travel from transm itter to receiver over multiple paths. This 
phenomenon of m ultipath propagation causes fluctuations in the received signal’s amplitude, 
phase and even angle of arrival, which is so-called m ultipath fading [16]. Based on the m ultipath 
time delay spread, fading can be further classified as flat fading or frequency selective fading 
[10].
If the wireless channel has a constant gain and linear phase response over a bandwidth 
which is larger than  the bandwidth of the transm itted signal, the signal undergoes flat fading. 
Under these conditions, the m ultipath delay spread of the wireless channel impulse response
18
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Figure 2-4: A diagram to demonstrate the formulation of ISI.
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is less than the reciprocal bandwidth of the transm itted signal. The received signal has only 
amplitude fluctuations due to the variations in the channel gain over time caused by m ultipath 
propagation. And the spectral characteristics of the transm itted signal remain intact a t the 
receiver.
Figure 2-5a) depicts a flat fading channel and its effect on a signal in both the time domain 
and the frequency domain. In a flat fading channel, the time delay spread of the channel is 
much less than the reciprocal bandwidth of the transm itted signal. hb(t,T) approximately has 
no excess delay, as r  could be zero compared to the symbol period Ts of the signal. Over time, 
only the amplitude of the signal is affected, but the spectrum of the transmission is preserved. 
Flat fading channels are also known as narrowband channels since the bandwidth of the signal 
s(f) is narrower than the channel coherence bandwidth B c.
If the wireless channel has a constant gain and linear phase response over a bandwidth which 
is smaller than tha t of the transm itted signal, the signal undergoes frequency selective fading. 
In this case, the m ultipath delay spread of the wireless channel impulse response is greater 
than the reciprocal bandwidth of the transm itted signal. The received signal is distorted and 
dispersed, because it consists of multiple attenuated and delayed versions of the transm itted  
signal. This leads to time dispersion of the transm itted symbols, resulting in ISI.
Figure 2-5b) shows a frequency selective fading channel and its effect. The output signal 
suffers much distortion, as shown in both time and frequency domains. Not only the amplitude 
but also the phase of the signal fluctuate. Frequency selective fading is caused by m ultipath 
delays which approach or exceed the symbol period of the transm itted signal. In a frequency 
selective fading channel, the time delay spread of the channel is much larger than the recipro­
cal bandwidth of the transm itted signal. Frequency selective fading channels are also known 
as wideband channels, since the bandwidth of the transm itted signal is greater the channel 
coherence bandwidth B c.
Coherence bandwidth B c is a statistical measure of a frequency range over which the channel 
passes all spectral components with approximately equal gain and linear phase [10]. Thus, the 
coherence bandwidth represents a frequency range over which frequency components have a 
strong potential for amplitude correlation. T hat is, a signal’s spectral components in tha t 
range are affected by the channel in a similar manner.
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Figure 2-5: Flat-fading and frequency-selective fading characteristics.
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If coherence bandw id th  is defined as the frequency interval over which the channel’s com-
approximately given as [17]:
A more popular approximation of B c corresponding to a bandwidth interval having a correlation 
of at least 0.5 is as following [10]:
where 5r is rms delay spread, which is defined as the square root of the second central moment 
of the power delay profile. T hat is, ST is given as [10]:
the excess delay.
The time delay spread and coherence bandwidth of a channel are related to its m ultipath 
characteristics. It is im portant to note th a t neither B c nor 5T depends on signal rate. A system ’s 
signal rate only affects its transmission bandwidth.
W hether a channel is flat fading or frequency selective fading depends on the relationship 
between the channel coherence bandwidth B c and the transm itted signal bandwidth B s. A 
channel may be flat fading to one transm itted signal bu t be frequency selective fading to another 
transm itted signal. Figure 2-6 shows two examples with the same typical m ultipath channel 
but two different transm itted signals.
A channel is referred to as flat fading if B s < B c. All of the signal’s spectral components 
will be affected by the channel in the similar manner. This is illustrated in Figure 2-6a), which 
features the frequency response of a wireless channel superimposed by the spectral density of 
a transm itted signal. This channel is a flat fading channel since B s < B c. All of the spectral 
components of the transm itted signal will be affected in approximately the same way. Flat- 
fading does not introduce channel-induced ISI distortion, but performance degradation can still 
be expected due to the loss in SNR whenever the signal is in fading.
plex frequency transfer function has a correlation of a t least 0.9, the coherence bandwidth is
(2.5)
where r  is the mean excess delay, ( r )2 is the mean squared delay, r 2 is the second moment of
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Figure 2-6: Relationships between the channel frequency-transfer function and transm itted 
signals.
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Figure 2-6b) shows the frequency response of the same wireless channel superimposed by 
the spectral density of a wide transm itted signal, where B s > B c. Some of the signal’s spectral 
components, falling outside the coherence bandwidth, are affected differently compared to those 
components contained within the coherence bandwidth. Whenever a signal’s spectral compo­
nents are not all affected equally by the channel, frequency selective fading distortion occurs. 
This channel is frequency selective fading.
Hence, the channel coherence bandwidth, B c, sets an upper limit on the transmission rate 
that can be used without incorporating an equalizer in the receiver. In order to avoid channel 
induced ISI distortion, the channel is required to exhibit flat fading.
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Chapter 3
Fundam entals o f O FDM  and  
O FDM A
3.1 Fundam entals o f O FD M
W ithin the last few years the demand for wireless communication systems has drastically in­
creased. There is not only a much greater amount of demand for wireless connections, but also 
much more interest in broadband connection. In broadband systems, the signal is scattered 
and reflected from objects in the environment, components of the signal arriving at the receiver 
are spread out over a longer period of time than they are desired. It causes uneven delays in 
the signal arrival time. In such an environment, ISI caused by m ultipath propagation in ban- 
dlimited channels distorts the transm itted signal, causing bit dem odulation/detection errors at 
the receiver. ISI has been recognized as the fundamental performance limitations to high speed 
data transmission over wireless channels.
Reducing the negative impact of time dispersive channel can be accomplished by OFDM. 
OFDM is a promising technique to combat intersymbol interference. It spreads data streams 
over a large number of parallel narrowband flat fading subchannels w ithout ISI. It also can 
achieve higher bandwidth efficiency than a single carrier scheme [18]. OFDM has recently 
received considerable interest for its advantages in high bit-rate transmissions over frequency 
selective fading channels [19].
The basic idea of OFDM is to divide the wideband channel into many parallel orthogonal
25
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narrowband flat fading subchannels [20]. The transm itted bit stream  is divided into different 
substreams and sent simultaneously over different orthogonal subchannels centered at different 
subcarrier frequencies. Each substream  has much lower data  rate than  the original one and 
each subchannel has a bandwidth much smaller than the coherence bandwidth of the channel. 
Therefore, each subchannel undergoes flat fading and ISI due to m ultipath propagation is 
eliminated.
As a multicarrier transmission technique, OFDM was first proposed by Chang in 1966 [21] 
for dispersive fading channels. This technique was first used in several high frequency (HF) 
military systems such as KINEPLEX, ANDEFT and KATHRYN [22]. Due to improvements 
in digital signal processing (DSP) and Very Large Scale Integrated circuit (VLSI) technologies, 
the initial obstacles of OFDM implementations such as massive complex computation and 
high speed memory was removed. The use of FFT algorithm further eliminated arrays of 
sinusoidal generators and coherent demodulation required in parallel da ta  systems, making 
the implementation of OFDM cost-effective [20]. In the 1980’s, OFDM has been studied for 
high-speed modems, digital mobile communications and high-density recording. In 1985, a 
cellular mobile radio system was proposed by Cimini, which used a pilot tone for stabilizing 
carrier, clock frequency control and trellis coding [23]. In 1990’s, OFDM has been exploited for 
wideband data communications over mobile radio FM channels, high-bit-rate digital subscriber 
lines (HDSL), asymmetric digital subscriber lines (ADSL), very high-speed digital subscriber 
lines (VHDSL), digital audio broadcasting (DAB) and HDTV terrestrial broadcasting. Digital 
satellite services became popular then and the application of OFDM to the satellite mobile 
channels was proposed by Fernando and Rajatheva in 1998 [24].
As an unquestionable proof of its maturity, OFDM is a standard of the European DAB [25] 
as well as digital video broadcast (DVB) scheme [26]. It also constitutes a credible proposal 
for the recent third-generation mobile radio standard competition in Europe. Finally, OFDM 
is selected as the transmission technique of the high performance local area network’s (HIPER- 
LAN) as well as becoming part of the IEEE 802.11 Wireless Local Area Network (WLAN) 
standard and broadband local area networks [27]. After about forty years of research and de­
velopment, OFDM has been widely implemented in high speed digital communications. Today, 
OFDM is a major contender for 4G wireless applications with significant potential performance
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Figure 3-1: Block diagram of a simplified OFDM system.
enhancements over existing wireless technologies.
Figure 3-1 illustrates the structure of an OFDM system. The incoming serial data is first 
converted from serial to parallel by splitting up into N  substreams. These substreams are mod­
ulated independently and sent simultaneously by many subcarriers over a frequency selective 
fading channel. At the receiver, they are filtered, demodulated and converted from parallel into 
serial to form the original data. Since N  is sufficiently large, the data  rate  of each substream 
is very low and the bandwidth of each subchannel is much less than  the coherence bandwidth 
of the channel. Therefore, each subchannel is a flat fading channel and ISI can be eliminated. 
The frequency selective fading channel can be approximated by the sum of many flat fading 
subchannels as well. As an example, Figure 3-2 is the approximation of the typical m ultipath 
channel in Figure 2-6. The original channel is divided into N  subchannels with each having a 
bandwidth B ^  «  B q -
In OFDM systems N  has to be sufficiently large to ensure th a t each subchannel has a 
bandwidth much smaller than the coherence bandwidth of the channel. It can be determined
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Figure 3-2: An example of frequency division.
based on the channel bandwidth, data throughput and useful symbol duration. N  corresponds 
to the number of complex points being processed in FFT. It is a trade-off between computa­
tional complexity and algorithm precision. A properly set N  maintains a low level computa­
tional complexity for radio resource allocation schemes, while the system achieves an acceptable 
performance. For HDTV applications, the number of subcarriers are in the range of several 
thousands, so as to accommodate the data rate and guard interval requirement.
In OFDM systems, in order to correctly receive and demodulate the signals, the many 
subcarriers are spaced apart mathematically orthogonally. It is possible to arrange the sidebands 
of the individual subcarriers overlapping to improve the spectral efficiency of OFDM. The signals 
can still be received without adjacent subcarrier interference.
Consider an OFDM system with baseband channel bandwidth B  (passband bandwidth 2B)  
and channel coherence bandwidth B c. The baseband subchannel bandwidth B n  = B / N  < <  B c, 
where N  is sufficiently large. This insures flat fading on each subchannel. The baseband sub­
carriers are {cos(2Trfit),i =  1,2,...}. They form a set of orthonormal bases on the interval [0, T], 
where T  is the OFDM symbol period and f i  =  i /T .  f  ~  1 /T  is the minimal frequency separa­
tion between orthogonal subcarriers over [0,T] [2]. If raised cosine pulses T  =  0.5(1 + f t ) / B n  
with j3 =  1 are used, we get subcarrier separation /  =  1 /T  =  B n - Because the passband band­
width of each subchannel is 2B n , the passband subchannels in the system overlap, illustrated in
28
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a) A single carrier. b) 8 overlapping subcarriers.
Figure 3-3: Example of overlapping OFDM spectrum.
Figure 3-3. OFDM allows the spectrum of each tone to overlap. And since they are orthogonal, 
they do not interfere with each other. We can still separate the different subcarriers.
Due to the requirement for separated modulators and demodulators on each subchannel, 
it is too complex and expensive for most systems to implement OFDM until the development 
of FFT and inverse FFT  (IFFT) and improvements of DSP and VLSI technologies. Figure 
3-4 illustrates the process of an FFT  based OFDM system. The incoming serial data is first 
converted from serial to parallel and grouped into x  bits each to form a complex number. The 
complex numbers are m odulated in a baseband fashion by the IFFT. And converted back to 
serial data  for transmission. A guard interval is inserted between symbols to avoid ISI caused by 
m ultipath distortion. The discrete symbols are converted to analog and lowpass filtered for radio 
frequency (RF) up-conversion. The receiver performs the inverse process of the transm itter. 
One tap equalizer is used on each subchannel to correct channel distortion. The tap coefficients 
of the filter are calculated based on channel information [22].
The key components of an OFDM system are the IFFT at the transm itter and FFT  at the 
receiver. These operations perform reversible linear mappings between N  complex data symbols 
and N  complex OFDM symbols. The number of multiplications required by an A-point FFT  
is only on the order of N lo g N  rather than A 2 as in a straightforward computation. Due to this 
fact, an OFDM system typically requires fewer computations per unit tim e than an equivalent
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Figure 3-4: Block diagram of an IFFT  based OFDM system.
system with equalization. Transmission of data in the frequency domain using an FFT , as a 
computationally efficient orthogonal linear transformation, results in robustness against ISI in 
the time domain [2].
3.2 Fundam entals o f O FD M  A
As a multi-carrier modulation technique, OFDM is very immune to impulse noise and frequency 
selective fading due to the increased symbol interval [18]. The performance of OFDM systems 
can be further improved by adaptive modulation with the knowledge of instantaneous channel 
transfer functions. In OFDM systems with adaptive modulation, in order to improve the system 
performance the subchannels with large channel gains carry more bits, while the subchannels 
in deep fades carry less or even zero bits [4]. If a user encounters deep fades in some frequency 
ranges, the transm itter has to spend more power on feeding substreams into corresponding 
subchannels. Sometimes these subchannels have to be dropped because of efficiency of the 
system. The radio bandwidth is being wasted.
It is noted th a t the subchannels that appear to be in deep fades for one user may not be
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Figure 3-5: Principle of OFDMA
in deep fades for others. This is illustrated in Figure 3-5. There are two users in this system. 
Region 7 and 9 are in fade to user 1 but not to user 2, while regions 6, 8 and 10 are in fade to 
user 2 but not to user 1. It implies that the combined channel frequency transfer function of 
the system may take the regions 1 through 5 and there are not bad subchannels in a multiuser 
system. In this way, the spectral efficiency can be improved, or equivalently, transmission power 
can be reduced. Based on this observation, OFDM based multiuser technique can be used to 
enhance the performance of the system. Multiuser OFDM was first presented by Wahlqvist 
[28] who suggested one possible implementation in 1996. It has been known that the spectral 
efficiency of the multiuser OFDM system is much higher than  th a t of the single user OFDM 
system.
OFDMA is a promising multiple access technique for multiuser high-speed data transm is­
sions over wireless channel. In OFDMA systems, users’ data  are divided and sent simultane­
ously, users are distributed over different orthogonal subchannels. This is the so called multiuser 
diversity technique. Since different subchannels may experience different fades for different users 
and each user’s performance requirements have to be satisfied, in order to efficiently utilize radio 
resources, the transmission power levels or numbers of bits allocated to different subchannels 
for different users must be changed accordingly to achieve the overall optimal result.
Figure 3-6 is the block diagram of a simplified OFDMA system downlink with a radio 
resource allocation scheme. The considered channel is divided into N  subchannels. There are 
K  users transm itting information simultaneously. The K  users’ da ta  are divided, m odulated
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Figure 3-6: Block diagram of a simplified OFDMA system downlink with a radio resource 
allocation scheme.
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according to the radio resource allocation scheme and fed into the TV orthogonal subchannels 
simultaneously. At the receiver side, all data from TV subchannels are demodulated. The bit 
allocation information is sent to the corresponding users so tha t they can extract their own 
data via a designated control channel. In OFDMA systems distinct subchannels are assigned 
to distinct users in an efficient manner.
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Chapter 4
Radio R esource A llocation in 
O FDM A System s
The demand for mobile wireless communication systems is growing rapidly. This demand, com­
bined with limited availability of radio frequency spectrum, calls for communication networks 
that can operate with high bandwidth efficiency. The design of efficient signal modulation and 
demodulation techniques for physical layer transmission is utm ost im portant in this regard. 
And the future growth of consumer-based mobile and portable communication systems will be 
tied more closely to transmission power, radio spectrum allocations and regulatory decisions 
which affect or support new or extended services, as well as to consumer needs and technology 
advances in signal processing, access and network areas. These demands in future wireless 
services make radio resource more and more invaluable.
Channel bandwidth and transmission power constitute two prim ary “radio resources” [3]. 
Unfortunately, these two traditional resources are among the most severely limited deployment 
of modern wireless networks. Radio bandwidth is very tight w ith regard to useful radio spec­
trum, and transmission power is restricted because not only basestations but also mobiles or 
other transm itters have limited power supply. These two resources are simply not growing or 
improving at rates th a t can support anticipated demands for wireless systems.
The efficient utilization of these two “radio resources” provides the motivation for the search 
for spectrally efficient schemes. One primary objective of the spectrally efficient schemes is to
34
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minimize the overall transmission power required to achieve users’ QoS requirements; the other 
objective is to maximize users’ overall data throughput at a given transmission power level, 
while at the same time satisfying each user’s QoS requirements. These optimization problems 
are referred to as the margin adaptive (MA, the former) and rate adaptive (RA, the latter) 
optimization problems respectively [8]. The QoS requirements here refer to two factors. One 
is the BER performance and the other is data rate requirement. In other words, we want 
to minimize the total transmission power or to maximize the overall spectral efficiency while 
simultaneously satisfying the requirements on each user’s data  rate, BER and tran sm itte r’s 
transmission power constraint.
A great deal of active researches have been devoted to the problem of resource allocation 
recently. Previous researches on OFDMA systems have shown th a t spectral efficiency can be 
improved by bit and power allocation at the transm itter. A dynamic Lagrangian-based power 
allocation scheme and an IP method based subchannel and bit allocation scheme are proposed 
in [4] and [5] respectively. Although both schemes can achieve very good performance, they 
are prohibitively complex and not suitable for real time applications. In [6], a real tim e sub­
channel allocation scheme is proposed to minimize the overall transmission power, where each 
subchannel is loaded with an equal number of bits. And in [7], another scheme is proposed to 
maximize the overall data  throughput with the assumption th a t power is uniformly distributed 
on each subchannel. Both [6] and [7] get good performance and low computational complexity; 
however, they are suboptimal under certain assumptions and can not achieve optimal results. 
Furthermore, all the schemes mentioned above are applicable only to one of the two aspects of 
the resource allocation problem, i.e., either to MA problem or to RA problem. None of them 
can be applied to both aspects of the resource allocation problem.
In this chapter, MA and RA problems are formulated as linear optimization problems with 
integer variables. The solutions to these problems are the resource allocation schemes which re­
flect the corresponding relationship between users and subchannels. To simplify our discussion, 
we assume that the base station transm itter has perfect knowledge of instantaneous channel 
characteristics of all links. The channel characteristics of all the transmitter-to-receiver links 
can be estimated by the basestation transm itter, although in a practical system, there always 
exist some estimation error and estimation delay. It is also assumed that the channels vary
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very slowly and the assignment is done once every several frames of symbol duration.
In this chapter, full-search algorithm which is a basic optimal m ethod is discussed based 
on the formulation with constraint considered. A branch-and-bound m ethod based optimal 
resource allocation algorithm is proposed. It offers the same performance as the optimal one 
achieved by using exhaustive full-search algorithm, but with significantly reduced computa­
tional complexity. Based on the formulation with constraint considered, an efficient suboptimal 
algorithm is proposed which utilizes the constant transmission power m atrix and does not need 
any bit loading [6], transmission power distribution assumptions [7] or intensive computation 
[5],
4.1 System  M odel and Problem  Form ulation
In a single user OFDM system, the data  stream  is divided into multiple substreams to be trans­
mitted over different orthogonal subchannels centered at different subcarrier frequencies. In a 
multiuser environment, users’ data will be distributed over different orthogonal subchannels. 
A typical multiuser adaptive OFDMA system studied in this thesis with downlink transm is­
sion is shown in Figure 3-6. The wireless downlink channel of this system is divided into N  
subchannels. N  is large enough to ensure that each subchannel has a bandw idth much smaller 
than the coherence bandwidth of the channel, so tha t each subchannel undergoes flat fading. 
It is also assumed th a t there are K  users and the kth  user has a data  rate requirement of 
R k (k = 1,2,-■■ ,K) .
In the transm itters of OFDMA systems, by using the channel information, the data streams 
from K  users are fed into the subchannels and bit allocation block to allocate bits from different 
users to different subchannels. Depending on the number of bits assigned to a subchannel, 
the adaptive modulator will choose a corresponding modulation level, and the transmission 
power will be adjusted correspondingly to satisfy each user’s QoS requirements. The resource 
allocation information will also be sent to corresponding users via a designated control channel 
so that they can extract their own data.
It is assumed that the greatest possible number of bits th a t can be transm itted by any 
subchannel in a frame of symbol duration is M. ak<n is denoted as the magnitude of the
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channel gain of the fcth user over the n th  subchannel. The single-sided noise power spectral 
density (PSD) level No is assumed to be unit (i.e., No =  1) for all subchannels and is the same 
for all users. QAM modulation scheme is applied.
At the receiver side, the required power to support c bits/sym bol at a given BER Pe is [4]
It is easy to  see th a t Pr (c) increases as c increases and Pr (0) =  0.
At the transm itter side, in order to achieve the required BER at the receiver, the transmis­
sion power Pkin, assigned to the n th  subchannel for the fcth user must be
f t ,  =  (4.2)
o(.ik,n
where Ck<n is the number of bits which are assigned over the n th  subchannel for the fcth user. 
M argin  A d a p tiv e  (M A ) O p tim iza tio n
The MA problem minimizes the overall transmission power with the constraint of users’ 
QoS. In other words, we want to minimize the overall transmission power while the resultant 
BER should not be higher than a target one and every user’s data rate  should not be lower 
than its rate requirement.
Mathematically, the MA problem can be expressed as [4]
In (4.3) D  =  {0,1, 2, ■ • • , M }  is the set of all possible values for c^>ra. Cfc_n =  0 indicates that 
the fcth user does not use the n th  subchannel to transm it any information. The constraint C 1 
is the data  rate requirement with Rk being the fcth user’s required data rate. C 2 ensures that 
each subchannel is only occupied by at most one user at any instance of time [29].
(4.1)





C l  ■ E n = l Ck,n > R k , k  = 1,2, - - , K
C 2 : If there exists k' with ^  0, then Ck<n = 0, V/c' ^  k, k =  1, 2, ■ • ■ , K ,  n  =  1,2, • • • , N
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R a te  A d a p tiv e  (R A ) O p tim iza tio n
The RA problem maximizes the spectral efficiency subject to users’ QoS and the total 
transmission power constraints. This problem is m athematically expressed as [6]
N  K
R  =  max XE ck,n (4-4)
Ck,n^-D
n = l f c = 1
subject to:
C l - - Z n = l Ck, n >  R k , k  =  1,2, -  ■■ , K
C2 : If there exists k' w ith Ck\n ŷ  0, then Ck,n — 0, Vfc' ŷ  k, k — 1, 2, • • • , K, n = 1, 2, ■ • • , N  
C 3 : E L i T , L i P k , n < P , k  = l ,2, ---  , K , n =  1,2,-■■ , N
Similar to the case in (4.3), D = {0,1,2, • • ■ , M }  in (4.4). The constraints C l  and C2 have 
the same meaning as those in (4.3). C3 is the total transmission power constraint. Pk,n is the 
transmission power assigned to the n th  subchannel for the fcth user. P  is the overall restricted 
transmission power.
The MA and RA optimizations are nonlinear because Pr(c) in (4.1) is nonlinear. In next 
section, we will convert the nonlinear MA and RA optimization problems into linear MA and 
RA optimization problems with integer variables, since c^n takes only integer values. In the 
following discussion, boldface lower case letters represent vectors and boldface upper case letters 
represent matrices.
4.2 Integer Program m ing P rob lem  Form ulation
As mentioned in the former section, Ck>n € D = {0,1, 2, • • • , M }.  We represent c*_n by a 
subchannel-user-bit vector x^jn which is defined to indicate the number of bits assigned over 
the n th  subchannel for the fcth user, and x*;in is expressed as
% k ,n ,l
f
0 1 0 0







■Ek,n,M 0 0 0 1 >
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k = 1,2, ■ • ■ , K , n  = 1,2, ■ , iV, x fc,n £ {0,1} M x l (4.5)
In (4.5), XkiTltrn (m = 1, 2, ■ • • , M ) is the bit-allocation indicator which can only be one or 
zero. It can be seen th a t a t most one component of can be one. If Xk,n,m — 1, then 
x k,n,m' =  0, for all m! ^  m.  Xktn,m — 1 means tha t the n th  subchannel is assigned to the /cth 
user to transm it m  bits during one symbol duration. The position of one in the subchannel- 
user-bit vector indicates the number of bits carried by the n th  subchannel for the /cth user. If 
all the components are zeros, the n th  subchannel is not assigned to the /cth user.
Based on the definition of the subchannel-user-bit vector x*;)n, we define a bit-allocation 
matrix X  which is resource allocation scheme in m atrix form given as
X  -
Xl,l Xl,2
x n ,  i  x k ,  2 X K , N
X e { 0,l}K M x N (4.6)
X K  = Nfc.l S c ,2 k. N corresponds to the /cth user. It shows how the bits of the
/cth user are distributed over N  subchannels. Each user can occupy more than one subchannel
T
at the same time, x ^  = cTl , n <T2 ,n CTK. n corresponds to the n th  subchannel. It
shows how the n th  subchannel is occupied by K  users. Since each subchannel can be occupied 
by no more than one user at the same time, the n th  subchannel vector has ( K M  + 1) possibilities 
shown below. The position of one in x^- indicates how this subchannel is occupied by the user 
and how many bits are transm itted  in one symbol duration.
'■jv
n =  1,2,--- , IV, x ^ £ { 0 , l } K M x  1
X 1 ,n
/
0 1 0 0
\
X 2 ,n








.  X * , n  . 0 0 0 1
(4.7)
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We define a bit-allocation vector x  shown as below whose length is N K M ,  which is the 




x <E {0,1} N K M x  1 (4.8)
We now define a subchannel-user-power vector pfc>n below, whose product with subchannel- 
user-bit vector Xfcjn is the consumed transmission power in order to  send m  bits over the n th
subchannel for the /cth user if xk 1.
P/c.n —
P k tn , l  
P k ,n ,  2
P k ,n ,M
, A: =  1,2, ■ • • ,K ,  n  = 1,2, - ■ ■ ,N;  p kn e  C I f x  1 (4.9)
Referring to (4.2), Pk,n,m in (4-9) is defined below with m  indicating the number of bits.
P  (m)
P k ,n ,m  =   > fc =  1,2, ,-fsr, n =  1,2, ,1V, m =  1 , 2 , “  - , M  (4.10)
a k,n
Based on the definition of subchannel-user-power vector Pfc,n , for the whole system we define 
a power m atrix P below corresponding to bit-allocation m atrix X,
P =
P l.l  P i ,2
P2,l P  2,2
Pi, IV  
P2,1V
In (4.11), p"
P a t.I  P K,2 ' ' ' P K,N
T
P e C K M x N (4.11)
T  T  T
Pl,n  P2,n ' • ' P K, i corresponds to the n th  subchannel. In this
thesis, since we choose bit-allocation vector x  in subchannel vector form, correspondingly, for 
the whole system we define power vector p in subchannel form below, which is constant with 
length N K M  as
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, p € C NKMx  1 (4.12)
In the rest of this section, based on the definition of bit-allocation vector x  and power vector 
p, we convert the nonlinear MA and RA optimization problems into linear optimization with 
integer variables.
4.2.1 M argin  A d a p tiv e  (M A ) O p tim ization
Based on the fact that the channels vary very slowly, a^ in, which is denoted as the magnitude 
of the channel gain of the fcth user over the n th  subchannel, is assumed invariant. Therefore, 
the power vector p is a constant. The MA optimization problem in (4.3) can be converted into 
the following linear optimization problem.
subject to:
Tm m p x
X
A u • x  >  r 




€ {0,1}, i = 1,2, ---  , M K N (4.16)
Where Xi donates the zth component of the vector x, A„, r, A c, and c are given by the 
following equations.
Ai. —
aKi  Tfa • • • a.Ki
a/C2 aK2 ■ ■ ■ &K2
ak k  ak k a k k
, A u G Z KxMKN (4.17)
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a  k i  =
&K2  =




a k i  € Z lxMK  
*K2 6 Z lxMK
a  k k  e  Z lxMK  
M  , a u 6 Z lxM
(4.18)
(4.19)
0 0 0 On G {0}
l x M (4.20)
i?2 ' ' ' R k r G C
K x  1 (4.21)
A c =
lc Oc
Oc l c •• • oc
oc oc
,A c e { o ; i} N x M K N
, l c G {1} l x M K
(4.22)
(4.23)
0 0 ••• 0 , 0 C G {0} 1 x M K (4.24)
c = 1 1 1 c e { l }
J V x l (4.25)
In this formulation, the bit-allocation vector x  is given by (4.8), and the power vector p is 
given by (4.12). pTx  is the system overall transmission power which we are going to minimize. 
BER requirement is satisfied in the definition of power vector p. The product of the user-bit 
matrix A u and the bit-allocation vector x  returns K  users’ data rates, r is K  users’ data 
requirement with Rk being the /cth user’s data  requirement. Therefore, the constraint (4.14) is 
the data rate requirements. The product of the subchannel m atrix A c and the bit-allocation
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vector x  shows occupation status of N  subchannels. Therefore, (4.15) regulates N  subchannels’ 
occupation status. Since each subchannel can only be occupied by at most one user at the same 
time, c has to be composed of N  ones.
4 .2 .2  R a t e  A d a p t iv e  (R A )  O p t im iz a t io n
Based on the expression of au in (4.19), we define h f v as
b /„  =  [ a,, au ■■ au ]T , b f v e  Z MKNxl  (4.26)
is composed of A  A  a us and its product with the bit-allocation vector x  is the system 
overall data throughput.
The RA optimization problem in (4.4) can be reformulated as
m axb j^x  (4-27)
subject to:
pTx  <P  (4.28)
A u • x  >  r (4.29)
A c • x  < c (4.30)
x t 6 {0,1}, i =  1,2,--- , M K N  (4.31)
In this formulation, (4.28) is the power constraint where p r x  is the system overall trans­
mission power and it should not be greater than the given total system transmission power 
P.
Based on this integer programming problem formulation, the exhaustive full-search algo­
rithm  is discussed first in the following section. Then a branch-and-bound method based optimal 
algorithm and an efficient suboptimal algorithm are proposed.
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4.3 M ethods To Solve th e IP  Problem s
OFDMA efficiently improves the link performance in wireless communication systems. A great 
deal of researches have been devoted to the problem of resource allocation in OFDMA sys­
tems already. Some optimal or suboptimal resource allocation algorithms have been proposed. 
Due to the nature of nonlinear optimization, most of them require intensive computation, the 
assumptions of equal bit loading or equal transmission power distribution over different sub­
channels.
In this section, full-search algorithm, a basic optimal method, is discussed first. It is based 
on the linearized formulation in Section 5.2 with constraint considered. A branch-and-bound 
method based optimal resource allocation scheme is proposed as well. The proposed algorithm 
achieves the same optimal performance as tha t by using full-search algorithm but with a much 
lower computational complexity. Finally, a suboptimal algorithm is developed. This suboptimal 
algorithm achieves closer results to the optimal ones comparing to  other suboptimal algorithms, 
without any bit loading or transmission power distribution assumptions, while it requires much 
less computational complexity than optimal algorithms.
4 .3 .1  F u ll- s e a r c h  A lg o r i th m
In order to get optimal solutions, the basic method to solve integer programming problem is 
full-search algorithm. The essence of full-search algorithm is to enumerate all the possibilities. 
For the linearized MA and RA optimization problems, all possibilities of the bit-allocation 
vector x  will be examined in the full-search algorithm. For each variable vector satisfying all 
the constraints, the values of the MA and RA cost functions are calculated. The variable 
vectors corresponding to the minimum of the MA cost function or the maximum of the RA cost 
function are the required resource allocation solution schemes.
Full-search algorithm is the simplest but the most time consuming m ethod due to its essence 
of enumeration. Even though, a proper formulation of the optimal problem can still dramatically 
reduce its computational complexity. In the system considered, there are K M N  components 
in the bit-allocation vector x. Traditionally, each component would be treated as 0 or 1. It 
implies th a t there would be 2KMN possible xs to examine. From (4.7) and (4.8), it is easy to
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Figure 4-1: Comparison of the number of possibilities.
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know that the bit-allocation vector x is composed of N  subchannel vector with (M K  +  1) 
possibilities each, since each subchannel cannot be occupied by more than  one user a t the 
same time. The number of possibilities of the bit-allocation vector x are (M K  +  1 )^ . It is 
much lower than  the number of possibilities of the traditional m ethod which is 2KMN. The 
comparison of the number of possibilities of the two methods is illustrated in Figure 4-1 for a 
system with N  — 64, M  — 12. W ith the number of users increasing, the number of possibilities 
for the formulation with constraint considered to enumerate become lower and lower relative 
to the traditional method. Therefore, in the following discussion, when full-search m ethod 
is mentioned, it is always referred to the method with (M K  + 1)N possibilities. However, 
the complexity of this full-search algorithm for the wireless resource allocation problem is still 
exponential, which makes full-search algorithm not a real time method.
4.3 .2  B ran ch -an d -B oun d  M eth o d  B ased  O p tim al A lg o r ith m
Branch-and-bound is a general algorithmic method for finding optimal solutions to various 
optimization problems without exhaustive enumeration [9]. It doesn’t expand all search nodes, 
rather, it determines which node to  expand and when an optimal solution has been found. 
The essence of the branch-and-bound approach is to prune in the to tal enumeration tree at 
the node that the optimal solution cannot occur in any of its descendents. If enough branches 
of the tree are pruned in this way, the computational complexity is able to be reduced to a 
computationally manageable size. The optimal solution is achieved by keeping the best optimal 
cost function value found so far. If this cost function value can’t be further updated, it is the 
final cost function value to the problem and the solutions corresponding to this cost function 
value are the optimal solutions [30].
For a problem having N  nodes with P  possibilities each, the branch-and-bound m ethod 
starts from the root problem which is the original problem with complete feasible region. A 
temporary cost function value V  with a temporary solution x  is first found. The bounding 
procedure is applied to the root problem. If each of the N  nodes of x falls into one of the 
P  possibilities, th a t means the bounds match, then x and V  are optimal results to the root 
problem and the procedure terminates. Otherwise, one of the N  nodes which are not among 
the P  possibilities is divided into P  branches which generate subproblems of the root problem.
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These subproblems together cover the whole feasible region. The algorithm  is applied recursively 
to the subproblems. The branches with the best cost function value a t their levels are expanded 
and followed prior to the other branches at the same level, generating a tree of subproblems, 
until all the N  nodes are assigned among the P  possibilities and a tem porary cost function value 
Vtem to the original problem which is also optimal to a subproblem is found. Vtem is a feasible 
solution to the full problem, but not necessarily globally optimal. Since it is feasible, it can be 
used to develop the rest of the search tree. Any branches with worse cost function value than  
Vtem are pruned, any branches with better cost function value than  Vtem are developed until all 
the N  nodes are assigned among the P  possibilities. If the new tem porary cost function value 
is better, Vtem is updated and it is used to examine the rest branches. The search proceeds 
until all nodes have been solved or pruned, therefore, Vtem is the final cost function value to the 
problem and the solutions corresponding to this cost function value are the optimal solutions
[31].
Branch-and-bound m ethod gets optimal results with low complexity. It is not a heuristic 
or approximating procedure, but an exact optimizing procedure th a t finds an optimal solution
[32], Branch-and-bound method belongs to the class of implicit enumeration methods. It was
first proposed by A. H. Land and A. G. Doig in 1960 for linear programming [33] and has been 
widely used in Artificial Intelligence and Operations Research.
Branch-and-bound approach is an efficient optimal m ethod to solve IP problem with low 
computational complexity. In this section, a branch-and-bound m ethod based optimal algo­
rithm on radio resource allocation is presented. Since LINPROG of MATLAB is applied to 
solve LP, in order to apply branch-and-bound method, the radio resource allocation problems 
have to be first formulated into linear form. By removing the integer constraints, the original 
integer linear programming problem is relaxed to the following LP form [34],
m in fTx  (4.32)
X
subject to:
A  x < b (4.33)
lb  < x < ub  (4-34)
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where f, x, b, lb, and ub are vectors and A  is matrix. 
For M A  o p tim iza tio n ,
A  =






while lb is a column vector composed of M K N  Os, and ub is of M K N  Is. 

















while lb  is a column vector composed of M K N  Os, and ub  is of M K N  Is.
Based on the general branch-and-bound approach, the proposed branch-and-bound method 
based optimal algorithm contains a node stack A C T I V E , a scalar U P P E R ,  which is the 
minimum feasible cost value obtained so far, and the corresponding solution CurrentBest.  
The proposed algorithm uses the equivalent constraint [34] to set each node to be one of the 
(K M  +  1) possibilities. Each node is labelled with the level of the node k and the lower bound 
Zk- The proposed branch-and-bound m ethod based optimal algorithm for both  MA and RA 
problems is summarized as follows [35]:
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Initialization: k = 0, U P P E R  =  1020, zk =  1010, C urren tB es t  = null, and A C T I V E  =  
null
Step 1: Set k = k +  1, and let Zk — £fc-i-
Step 2: If Zfc >  U P P E R ,  drop this node and go to Step 6. Otherwise, set i = 1.
Step 3: Generate the node in level k such that
f if i < K M  + 1, then [x^]* =  1, [ x ^ ] ^  =  0;
if i =  K M  +  1, then x{y =  0.
Step 4: Solve the subproblem of the MA or RA LP relaxation problem with xjy, • • • , x ^
set already.
If the subproblem is infeasible, drop this node and go to Step 5.
If the subproblem is feasible, calculate the cost value and denote it as Zk- 
4a) If Zk ^  U P P E R ,  drop this node and go to Step 5.
4b) If Zk < U P P E R  and k < N , append this node to the end of A C T I V E  and 
store k, Zk, and x]y, • • • , xjy associated with this node.
4c) If Zk < U P P E R  and k =  N ,  update U P P E R  = Zk and C urren tB es t  =  x. 
Step 5: i = i +  1. If i ^  K M  +  1, go to Step 3. Otherwise, go to Step 6.
. Step 6: If ACTIVE is not empty, pick the node from the end of A C T I V E ,  and set k, Zk,
and x]y, • • • , xjy to the stored values associated with this node and go to Step 1.
Step 7: Stop and output the solution CurrentBest.
This procedure can get bit allocation scheme for both MA and RA optimization problems. 
For MA, the optimal cost function value is the minimal transmission power. For RA, the 
negative optimal cost function value is the maximal data throughput.
In Figure 4-2, an example is shown to explain the proposed algorithm. This is an integer 
linear problem requiring minimal cost function value. There are N  nodes with (K M  +  1) 
possibilities each. The order of the nodes x]y, • • • , x 1̂  which are going to be examined is 
assumed from x lN to x ^ .  The tool used to solve linear problem is LINPROG of MATLAB [34]. 
The possibilities of each node are regulated by the equivalent constraint of the LP problem. The 
temporary optimal cost function values V),r corresponding to all first level branches are found
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The equivalent constraint A eq . x = be,j 
is used to force each node to be  one o f 
the K M +t possibilities.
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Figure 4-2: An example to demonstrate the process of the proposed branch-and-bound m ethod 
based optimal algorithm.
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by first only assign xjy to be one of the (K M  +  1) possibilities (branches). They are listed 
under corresponding branches in Figure 4-2. The branch-and-bound algorithm develops the 
branch with the least first. Since in this example 65 is the least, the corresponding branch 
is developed first. In this branch, by assigning to be one of the ( K M  +  1) possibilities, the 
branch corresponding to 67 is developed secondly, since 67 is the least at its level so far. So on 
so forth, until all nodes are assigned, a tem porary cost function value Vtem 73 is achieved. Vtem 
is used to develop the rest of the search tree by comparing Vtem =  73 to all found V .̂ from node 
approaching node xj^. At one level upper, the branch with 69 is developed, since 69 is 
less than 73; the other branches are pruned, since they are not less than 73 so tha t they can 
not develop any results less than  73. By developing the branch with 69, 71 is then achieved, 
which is less than  73. Vtem is updated to be 71. Then 71 is used to develop the rest of the 
search tree. At the second level, the branches with 69 and 70 are developed, none returns a 
better result than  71. At the first level, the branch with 6 6  returns 71, while the branch with 
69 doesn’t return better result. So far all the nodes have been examined, then the updated 
Vtem 71 becomes the global optimal solution to this problem. The corresponding branches are 
the solutions to this problem. There are maybe more than  one branch corresponding to the 
optimal cost function value. For a practical application, one solution is enough.
4 .3 .3  F a s t  B i t s  F e e d in g  A lg o r i th m
Branch-and-bound is a systematic m ethod for solving optimization problems. If applied care­
fully, it can lead to algorithms th a t run reasonably fast on average. However, it is still quite slow 
for some application. It often leads to exponential time complexities in the worst case. In order 
to further reduce computation load, suboptimal algorithms have been developed. As alternative 
suboptimal algorithms are cheaper and easier to implement, although their results are a little 
bit far from the optimal ones, they are still acceptable. Most suboptimal algorithms so far are 
based on the nonlinear formulation and under certain bit loading or transmission power distri­
bution assumption. For instance, in [6 ], a real time subchannel allocation scheme is proposed 
to minimize the overall transmission power, while it is assumed th a t each subchannel is loaded 
with an equal number of bits. In [7], another scheme is proposed to maximize the overall data  
throughput with the assumption tha t power is uniformly distributed on each subchannel. [6 ] or
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[7] is used for only one aspect of the resource allocation problem. Although the scheme based 
on linearized formulation in [5] gets better performance and can be used for both aspects of 
the optimization problem, it is extremely complicated for real time applications. Based on the 
linearized formulation in Section 4.2, a fast bits feeding algorithm is proposed in this section 
which can be used to solve both MA and RA optimization problems by feeding one bit a time 
with least incremental transmission power to satisfy the constraints. This fast bits feeding al­
gorithm outperforms the previous suboptimal algorithms with better performance but without 
the above equal bit loading assumption, equal transmission power distribution assumption or 
intensive computation.
Defined by (4.9) (4.10) and (4.11), the constant power m atrix P  contains all the information 
regarding the characteristics of all subchannels, all possibilities of bits assigned to different sub­
channels and the corresponding power levels for different number of bits loading over different 
subchannels. For instance, the component Pk,n,m represents the consumed transmission power 
to assign m  bits from the kth  user over the n th  subchannel. The columns of power m atrix P  
correspond to subchannels.
The algorithm here is to pick up the required components to satisfy the constraints of (4.3) 
or (4.4) for MA or RA problem respectively. The indices of the chosen components form the 
resource allocation scheme.
For M A  p ro b lem , the process is first to distribute all the subchannels from subchannel 
pool A  to all users without assigning any bits and one user can only be assigned one best 
subchannel at one time. Secondly, bits are assigned one by one to the assigned subchannels 
Sk with the least incremental transmission power, restricted by the assumed maximal bits M  
which can be assigned to a subchannel. Once a user’s data rate requirement is satisfied, any 
subchannels assigned to this user without any bits assigned are released to the subchannel pool 
A. Then all the subchannels in the subchannel pool A  are distributed again to the other users, 
until all users’ data  rate requirements are satisfied. This process ensures the constraints of 
MA problem satisfied. M atrix X  represents the resource allocation scheme here. The fast bits 
feeding algorithm for MA problem is summarized as follows:
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Initialization: A  =  {1 , . . . ,  N }, U = {1 , . . . ,  K } ,  X  =  0  e  Z K *N , S k = <pyk £ {1 , . . . ,  K }.  
Step 1 : Find n  and k satisfying:
Pk,n,l <  Pk',n',l, Vfc, k' 6  U, n, ri  £ A,
set Sk = S k + {n} , U = U — {A:}, A = A  — {n}.
Step 2: 2a) If A ^  (j), U ^  <$, go to Step 1,
2b) If A ±  cf>, U =  <p, set U =  {1 , . . . ,  K } ,  go to Step 1 .
2c) Otherwise, set U =  {1 , . . . ,  K }, Ap^.n.o =  Pk,n,i, V/c € U, n  £ S k ■
Step 3: [n, k) =  argm ink^UiTl&sk &Pk,n,xktn, VA; £ U,
Set Xk n̂ — %k,n 1,
If Xk,n = M, set S k =  Sk -  {n},
otherwise, evaluate Apk,n,xkin =  Pk,n,xkin+i ~  Pk,n,xk,n - 
Step 4: 4a) If Y^n= 1 x k,n < R k ,V k  £ I/, go to Step 3,
4b) If x k,n =  Rfc, for any k e U ,
find all n  £ S k, such that, x ktTl =  0, 
then set A  =  /I +  {n}, S k — Sk — {n,}.
Step 5: Set U = U — {A}.
5a) If U = (f>, go to Step 8 ,
5b) If U ^  <56, A  =  <f>, go to Step 3.
5c) Otherwise, go to Step 6 .
Step 6 : Find n  and k satisfying:
Pk,n,l Pk',xir,̂ -̂  k :k £ fA, Tl, Tl £ A  
set S k =  5fc +  {n} , A =  A — {n} .
Step 7: If A =  0, go to Step 3, 
otherwise, go to  Step 6 .
Step 8 : Stop and output the least transmission power P j  — Pk,n,xk n -
R A  o p tim iz a tio n  p ro b lem  is similar to MA problem mathematically with one more 
constraint. Since subchannel occupation status constraint and users’ data rate requirements 
constraint are satisfied by solving MA problem, for RA problem, in order to satisfy the trans­
mission power constraint, all the subchannels in the subchannel pool A  have to be distributed to
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the best users. Bits are assigned one by one to the assigned subchannels S k with the least incre­
mental transmission power, restricted by the assumed maximal bits M  which can be assigned 
to a subchannel. The transmission power is evaluated until the transmission power constraint is 
satisfied. M atrix X  returns the resource allocation scheme. The solution is R  — Yhk=in= 1 x k,n- 
The fast bits feeding algorithm for RA problem is shown below:
Initialization: A = {1 , . . . ,  IV}, U = {1 , . . . ,  K }, X  = 0 € Z K x N , S k = <j>,\/k £ {1 , . . . ,  K }.  
Step 1: Find n  and k satisfying:
Pk,n,i < Pk',n',i, VA;, k' £ U, n, n' £ A,
set Sk = Sk + { n } , U  = U -  {k},  A  — A  — {n}.
Step 2: 2a) If A  7  ̂ <f>, U 7  ̂ ip, go to Step 1,
2b) If A  <j), U = </>, set U =  {1 , . . . ,  K },  go to Step 1 .
2c) Otherwise, set U = {1 , . . . ,  K } ,  Apk,n,o = Pk,n,i, Vk e  U, n  £ Sk- 
Step 3: [n,k] =  argm ink(iU<n̂ sk A p fc,n A  rl, VA; £ U, 
set Xk^n x k)Ti T  I?
If x kin =  M, set S k - S k -  {n}, 
otherwise, evaluate A p k n̂jXlc n —P/c,nfx̂  n+x 
Step 4: 4a) If X^n=i x k,n < Rk> VA; £ U, go to Step 3,
4b) If x k,n = Rk, for any k £ U,
find all n £ S k , such that, x kiU = 0, 
then set A  = A  +  {n}, S k = Sk — {n}.
Step 5: Set U = U -  {A;}.
5a) If U = 4>, go to  Step 8 ,
5b) If U ^  4>, A  = (f>, go to Step 3.
5c) Otherwise, go to Step 6 .
Step 6 : Find n  and k satisfying:
Pk,n, 1 Pfe'.nM, V k, k' £ U, 71,71* £ A  
set Sk — S k + {n} , A  = A  — {n} .
Step 7: If A — (j), go to Step 3, 
otherwise, go to  Step 6 .
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Step 8: Set U = { 1,. . . , K } ,  PT = E f= g „= i
If Pt  > P, stop and output an error message, 
otherwise,
If A ^  4>, find n  and k satisfying:
Pk,n, 1 ^  Pk',n',l: V k , k  £ U} TT, 71 £ A  
set Sk = Sk +  {n} , A  — A  — {n} . 
until A = (p.
Step 9: [n,k\ =  argm ink<=u,n<=Sk &Pk,n,xKn, VA; £ U,
Set Xkin %k,n P  1? Pt  Pt  ~t~ Pk,n,xk,n 
If x kin = M, set S k = Sk -  {n}, 
otherwise, evaluate APk,n,xkin = Pk,n,xk,„+i -  Pk,n,xk,„- 
Step 10: If Pt  < P, go to  Step 9,
If Pt  =  P, output the maximal throughput R  = Yh^Lin=\ x k,m an<̂  st°P>
If Pt  > P, set Xk>n — x k,n ~  1,output the maximal throughput R  =  EfcVi^=i x k,n, 
and stop.
4.4 S im ulation R esu lts
4 .4 .1  S y s t e m  P a r a m e te r s
An OFDMA system with N  subchannels is considered in this thesis. It is assumed th a t the 
greatest possible number of bits that can be transm itted by any subchannel in one symbol 
duration is M. It is also assumed that there are K  users and the /cth user has a data rate 














N  =  64 K  =  2,4,8 M  — 12 Pe  =  1(T4 E f= i  R k =  256 P  =  100
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Figure 4-3: An example of the power delay profile of a 10-multipath wireless channel.
The wireless channels for simulation in the thesis are Rayleigh fading channels with 10 
multipaths. During the simulation, 100 channels are independently generated. Figure 4-3 and 
Figure 4-4 are examples of the impulse response and frequency response of a 10-multipath 
channel in this thesis respectively. The results presented in this thesis are the average of 100 
trials.
4 .4 .2  P e r fo r m a n c e  o f  A lg o r ith m s
Since the proposed branch-and-bound method based algorithm is optimal, it achieves the same 
results as full-search algorithm. The simulation results of the proposed branch-and-bound 
method based algorithm and fast bits feeding algorithm are shown in Figure 4-5 and Figure 4-6
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Figure 4-4: An example of the frequency response of a 10-multipath normalized Rayleigh fading 
channel.
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for MA and RA problems respectively.
For comparison, the algorithms in [5], [6] (constructive initial allocation plus iterative im­
provement) and [7] are simulated as well and the simulation results are shown in Figure 4-5 and 
Figure 4-6 respectively. From Figure 4-5 and Figure 4-6, it can be seen th a t with the number of 
users increasing the total transmission power decreases under limited system data throughput 
and the maximum data throughput increases under the restricted system transmission power. 
This is the so-called multiuser diversity among users in different locations.
The simulation results also show that the performance of fast bits feeding algorithm is very 
close to that of optimal algorithm. In fact, the difference between the results from the fast bits 
feeding algorithm and tha t from optimal algorithm is less than 2%. For RA problem, fast bits 
feeding algorithm provides much better performance than the algorithms in [5] and [7]. For 
MA problem, fast bits feeding algorithm is much better than the algorithm in [6] (constructive 
initial allocation plus iterative improvement). For MA problem, fast bits feeding algorithm 
is a little bit worse than  the algorithm in [5], the difference is less than  0.1%. However, as 
will be indicated in Section 4.4.3, fast bits feeding algorithm has a much lower computational 
complexity than the algorithm in [5].
4 .4 .3  C o m p a r is o n  o f  C o m p u ta t io n a l  C o m p le x i ty
The proposed branch-and-bound method based algorithm is an optimal method for finding 
optimal radio resource allocation scheme without exhaustive enumeration. It achieves the 
same results as full-search algorithm but with much lower computational complexity. The 
computational complexities of the proposed branch-and-bound m ethod based algorithm and 
full-search algorithm for both MA and RA problems are compared in Figure 4-7. For MA 
problem, when user number K  — 2, the computing time of the proposed branch-and-bound 
method based algorithm is 25.0% of that of full-search algorithm; when K  = 4, it is 21.5%; 
when K  = 8, it is only 8.4%. For RA problem, full-search algorithm consumes about 15% more 
computing time than  tha t in solving MA problem, since there are more steps to consider with 
one more constraint; but the computing time of the proposed branch-and-bound m ethod based 
algorithm is less than  2% more than that in solving MA problem, since the procedure solving 
RA problem is the same as solving MA problem but with larger size m atrix.
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Figure 4-5: The minimal system transmission power (MA problem).
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Figure 4-6: The maximal system data throughput (RA problem).
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The computing tim e of the proposed branch-and-bound m ethod based algorithm, fast bits 
feeding algorithm and the above mentioned suboptimal algorithms for both MA and RA prob­
lems are compared in Figure 4-8 and 4-9 respectively. The computing time of fast bits feeding 
algorithm is less than  10~6 of th a t of the branch-and-bound based method, and less than  10~3 
of that of the algorithm in [5] for both MA and RA problems, which is less than 0.03 second. 
The computing time of fast bits feeding algorithm and [6] (constructive initial allocation plus 
iterative improvement) for MA problem, and the computing tim e of fast bits feeding algorithm 
and [7] for RA problem are very close. Fast bits feeding algorithm takes less than 0.5% longer 
to solve RA problem than  to solve MA problem, in order to feed more bits to satisfy more 
constraints.
From the comparison, it is easy to conclude tha t the proposed branch-and-bound m ethod 
based algorithm is optimal and provides a practical comparison guideline. It can also be con­
clude that the fast bits feeding algorithm proposed in this section is cheap, easy to implement 
and suitable for real time application with low computational complexity and acceptable results.
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Figure 4-7: Com putational complexity comparison of full search algorithm and the proposed 
branch-and-bound based optimal algorithm.
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Figure 4-8: Computational complexity comparison of fast bits feeding algorithm, the algorithms 
in [5] and [6] for MA problem.
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Figure 4-9: Computational complexity comparison of fast bits feeding algorithm, the algorithms 
in [5] and [7] for RA problem.
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Chapter 5
Conclusions and Future Studies
In this thesis, the nonlinear optimization problems associated w ith the MA and RA problems in 
OFDMA systems are converted into linear optimization problems with integer variables. By us­
ing the formulation with constraint considered, the computational complexity of the full-search 
algorithm can be reduced. A branch-and-bound method based optimal resource allocation al­
gorithm is proposed. Based on LP method, the proposed branch-and-bound algorithm solves 
the MA and RA optimization problem without exhaustive enumeration. It offers the same 
performance as the optimal one achieved by using exhaustive full-search algorithm, but with 
significantly reduced computational complexity. Based on the formulation with constraint con­
sidered, an efficient suboptimal fast bits feeding algorithm is proposed based on the constant 
transmission power matrix. The proposed fast bits feeding algorithm does not need any bit 
loading or transmission power distribution assumptions which are the basis of many previ­
ous suboptimal algorithms. Simulation results show that the proposed suboptimal algorithm 
outperforms some other suboptimal methods in the literature.
In this thesis the node checking order of branch-and-bound m ethod based optimal algorithm 
is assumed from 1 to iV which is not necessary to be optimal. If an optimal node order can 
be applied in this method, the optimal solution can be found in the first few branches and all 
redundant branches can be pruned at the most beginning. It is my future study.
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